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Abstract
The offshore wind energy is slated to meet world's energy demand significantly in future. In India three offshore regions along
the eastern, southern and western parts of the coastline, namely, Rameshwaram, Kanyakumari and Jakhau, have been identified
by the Government of India for offshore wind energy extraction.  This is based on the wind power potential assessed with the
help of historical data. One of the wind parameters that plays an important role in evaluating the energy resource is the
persistence of mean wind, often known through the positive serial correlation in a given wind time series. The persistence
observed through historical data however may not remain same in future due to the effect of climate change induced by global
warming. In this paper, the wind speed persistence at the above mentioned three locations has been analyzed in the light of
climate change. The daily wind speeds for the future time slice of 2006-2032 are derived from the Canadian General
Circulation Model: CGCM4 run with RCP 4.5 warming scenario. Such projected wind information is compared with the
historical wind over the time slice of 1979-2005 and belonging to the ‘CGCM: 20C3M’ model. The GCM data suffer from bias
and this is removed using the quantile mapping method. The stationarity test of ‘unit-root’ indicates that the daily wind speed
for each station is stationarity. In order to quantify the persistence at the turbine cut-in speed of 4 m/s, the wind speed duration
curve (WSDC) is drawn. The results demonstrate a decrease in the persistence in future of the order of 3% and 8% at
Rameshwaram and Jakhau, respectively and an increase in it by around 3% at Kanyakumari. These trends are further confirmed
by the alternate autocorrelation function approach. From the wind persistence point of view alone therefore the power
extraction at Kanyakumari may go up in future, which may not be the case with the two other sites. The variances across the
three datasets are analyzed using the Levene’s test, which showed that the cross-variance across the three locations might
decrease in future, but the individual variance at Jakhau might increase and the same at Rameshwaram and Kanyakumari might
remain the same in future, not much affecting the energy extraction over the latter two sites.
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1. Introduction
The extraction of electric power from the renewable source of wind has seen rapid increase since recent past over
the entire world. In India the renewable energy forms 12 % of the total installed capacity and 70 % of this
corresponds to wind alone (GWEC Report, 2013). It is estimated that the country has a potential of 1324 GW
onshore and 502 GW offshore. (http://www.mnre.gov.in; Phadke et al., 2012). The wind energy is however highly
variable and hence its sustainability at a given location needs to be carefully assessed.  One of the major factors
that influences such sustainability is the persistence of wind, indicating statistical dependence of future wind on the
past (Kocak 2008), or a positive serial correlation in the time series. The wind persistence is also a measure of the
duration of the mean speed over a given period of time.
There are many ways to determine the wind persistence at a given area (Cancino-Solórzano et al. 2010; Masseran
et al., 2012). Most of them are based on analysis of the autocorrelation function (ACF) of wind speed time series
(Wilks, 1996). Alternatively use of the wind speed duration curve (WSDC) is also common and in this method the
theoretical (ideal) wind speed duration curve is compared with the empirical one and the difference is viewed as a
measure of persistence. If such difference or error is small then the wind is considered to be persistent. Kocak
(2002) provides application of these methods along with another one related to conditional wind probabilities at six
locations in Turkey. This work showed that the WSDC method was most efficient in identifying deviations in
persistence across the stations.
The present study differs from such earlier works in its focus on the persistence under climate change, use of state
of the art numerical wind model to obtain wind information and sophisticated data refinement methods
2. Study Locations and Datasets used
The Ministry of New and Renewable Energy, Government of India specified three potentially viable offshore sites
for wind energy extraction along the Indian coastline : Kanyakumari, at the southern tip, Rameshwaram, around
200 km NorthEast from Kanyakumari, and Jakhau, sited along the Northwest coast as in Fig. 1. This is based on
availability of the wind categorized as ‘good’, when its speed exceeds 8 m/s and it yields an annual average power
potential of 200 W/m2 or more. The present study is focused at these three important offshore locations only. The
reanalysis dataset used is the US National Centre for Environment Protection (NCEP)’s Climate Forecast System
Reanalysis (CFSR) data. The CFSR dataset, being more accurate and reliable than a general GCM output, was
used as additional equivalent observations in the present study. The information over the grid size of 0.5o x 0.5o at
a single grid surrounding each location and over the duration of 1979-2005 was extracted. To obtain the projected
climate over the years: 2006-2032 the Canadian General Circulation Model version 4 (CGCM)-4, run for the
representative Concentration Pathway (RCP)-4.5 scenario was used. The grid size was 2.81o x 2.81o.The
information of meridional and zonal wind over four grids, i.e., 2 x 2 size grid area centred over three locations was
extracted. The outcome of the Canadian GCM called: 20C3M experiment was extracted to simulate the past wind
conditions over the years: 1979-2005 at three sites. The information over the same four grids (of size: 2.81o x
2.81o) as above was extracted.  The GCM outputs contain systematic errors because of incomplete knowledge of
the physics underlying various atmospheric processes and also due to the use of numerical schemes to solve the
governing differential equations.  We have removed the bias in GCM’s by state of the art method called: quantile
mapping, which is based on equating the cumulative distribution function of a given approximate dataset with that
of a more reliable one. (Li et al.; 2010)
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Fig 1. The three offshore locations of study
3. Methodologies for assessing wind persistence
A fundamental assumption in statistical downscaling of geophysical variables is that the GCM data are stationary
throughout. At this backdrop, stationarity of past as well as future wind data were tested using a variety of tests,
namely, Augmented Dickey Fuller (ADF) test, Phillips Perron (PP) test, Levene’s test, Autocorrelation function
and Wind Speed Duration Curve (WSDC) approach. Out of these, ADF and PP tests use the units root approach
and are based on identifying if the given time series resembles a random walk process, which is a non-stationary
stochastic process.
3.1 Augmented Dickey Fuller (ADF) test
The initial Dickey Fuller (DF) unit root test assumed that under the unit root null hypothesis, the first differences in
the series are serially uncorrelated. Since first differences of most geophysical time series are serially correlated,
these tests had limitations .This problem was addressed later by developing the Augmented Dickey-Fuller test and
the Phillips-Perron test. The autoregressive model of order p denoted as AR(p) is:
yt = a1yt-1 + … + apyt-p + εt (1)
where: εt ~ iid (0,σ2) .
The above model can be rewritten as:
yt = ρyt-1 + δ1Δyt-1 + … + δp-1Δyt-p+1 + εt (2)
where,
ρ = a1+…+ap; δ1 = - (a2 +…+ap); δ2 = -(a3 + … + ap); δp-1 = -ap
They can be evaluated by regressing yt on yt-1, Δyt-1,…, Δyt-p+1 and computing the t-statistic
=
 
(3)
3.2 Phillip Perron Test
The ADF test relies on a parametric transformation of the model that eliminates the serial correlation in the error
term without affecting the asymptotic distributions of the various τ statistics. On the contrary Phillip Perron test
proposes nonparametric transformations of the τ statistics from the original DF regressions such that the
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transformed statistics have DF distributions under the unit root. The PP test provides estimation for the equation:
Δyt =β + ρyt-1 + εt (4)
Then, the null and alternative hypothesis for PP test is: H0: ρ = 0 ; H1 : ρ < 0
The test statistic for PP test is given by
 =ta (   –       (5)
where  is an estimated value obtained from the Eq. (5), ta is the t-ratio of a, se ( ) is the coefficient’s standard
error, s is the standard error of the regression test,  is the consistent estimate of error variance and  is an
estimate of the residual spectrum at frequency zero. The parameter  can be estimated using a kernel based on the
sum of the covariance or on the autoregressive spectral density estimation. (Andrew,1991)
3.3 Autocorrelation Function Approach
In case of continuous variables the persistence can be characterised by autocorrelation functions .The
autocorrelation analysis is a way of measuring similarity between observations as a function of the time lag
between them. The autocorrelation coefficient rk is computed from discrete time series, vi, with an average as .
rk=
	   
	  
(6)
where n and k represent the number of data points and the time lag value, respectively. In practice, the lag-1 or r1
autocorrelation coefficient is most commonly used as a measure of persistence. Oscillation of rk as a function of k
is called the autocorrelation function (refer to Fig. 3). As un-shifted series of data will exhibit perfect correlation
with itself, an autocorrelation function always begins with r0 =1. The r1 autocorrelation coefficient and the lag
value (k0) at which the autocorrelation function takes its first zero gives important information about persistence.
As illustrated in Fig. 3, referred to later, the area surrounded by the dashed right triangle can be used as a measure
of the persistence. Suppose if this area [ r1(k0-1)] is abbreviated as PACFA meaning “the persistence via the
autocorrelation function approach, then greater PACFA value denotes higher persistence.
3.4 Levene’s Test
As a further step to the stationarity assessment, it is informative to identify the degree of variance at the station.
The inter station variability in the data was assessed to determine the degree of persistence using Levene’s test.
When the variations of two data sets are compared based on the measure of variance, the data set with a smaller
variance is the more persistent. As the wind data is not normally distributed. Levene’s test can suitably be used to
test the inter-station variance. If the variances of wind speed between stations are significantly different, we can
conclude that there exists a difference in persistence of wind speed among the station.
The test static is given by:
W=  	  
 	 	  
{ Xij= y − y ; x = ∑ x ; N = N1 + N2 + N3} (7)
Then, the null and alternative hypothesis for PP test is :
H0:  =  =  =........= ; H1 : atleast one pair of  
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where yi is the observed data, y is the mean for i-th group, xij is a new set of data after subtracting either the mean
or median of the observed data yi, x is the overall mean and x is the mean for i-th group for the data xij. The null
hypothesis is rejected at the significance level α if the value of the test statistic is greater than the critical value
F(α,k-1,N-k) (Carroll et al.,1985)
3.5 Wind Speed Duration Curves (WSDC) technique
The WSDC is a graphical presentation of the wind speed on the vertical axis and percentage of time for which
wind speed equals to or exceeds each particular value on the horizontal axis. It can also be termed as cumulative
distribution function of the wind speed in a certain period of time. In this plot (Refer to Fig. 5), the flatter the
curves, the more regular are the wind regimes, while the steeper the curve, the more irregular are the wind
regimens for each station. For most offshore wind turbines, the range of cut-in wind speed for energy production is
3.5-5.0 m/s. In this study, 4 m/s was chosen as the truncated level on the vertical axis (red dashed line in the plot)
because this level is commonly suitable for generating onshore wind energy in India. The persistence level of wind
energy (Pwsdc) at each station can be determined by using the percentage of the time that the speed is greater than
4.00 m/s, which can be computed using the graph of WSDC.
4. Results
The descriptive statistics for combined dataset of 54 years are presented in Table 1. The mean and variance of
wind speed shows only a small change across the three stations. The site: Jakhau exhibits the highest maximum
value of around 16 m/s compared with other stations. The suitable range of wind speeds for generating energy is
usually between 3 m/s and 15 m/s. From Table 1 it is observed that all the stations are highly suitable for
generating wind energy because the mean wind speed for each station is around 5 to 6 m/s. Also, the maximum
value for each station is found to lie in the range of 12 m/s to 16 m/s, indicating that all these stations are suitable
for generating wind power, at higher speeds as well. Thus, due to suitability of energy extraction in these locations,
the persistence of wind speed for each station should further be evaluated to provide more information on the
efficiency and pattern of energy. The coefficient of skewness for each station is not found to be zero, indicating
that the data do not follow a normal distribution, which is understandable since the wind speed time series usually
follow the extreme value distributions.
Table 1. Descriptive statistics for all three stations.
Mean Std dev skewness kurtosis min max
Jakhau 6.35 2.17 0.22 -0.30 0.18 13.59
Kanyakumari 5.38 2.41 -0.17 -0.96 0.03 12.79
Rameshwaram 6.18 2.51 0.07 -0.48 0.05 16.18
4.1 ADF test
The Jakhau station is chosen here as an example to show how the detailed analysis was carried out at all the three
sites. Combined past and future GCM data for 54 years (1979-2032) was used for application of ADF test. Before
application of the ADF test, the autoregressive model for the time series data of Jakhau was identified. From
Fig. 2, the partial autocorrelation function (PACF) is found to be truncated (indicated by red bar) at lag-11.
Solving for the appropriate model AR (11), the coefficient ρ in Eq.(2) was estimated. Note that its value
significantly greater than zero indicated non-stationarity of data. The estimated AR model is:
yt = -0.0493yt-1 + 0.0735Δyt-1 + … + -0.03816Δyt-11 + 0.3135 (8)
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Using the estimated parameters of the equation as above, the Augmented Dickey-Fuller test statistic (τ) was
determined and this was -13.874. To arrive at the rejection region, Mackinnon critical values were used. At a 5%
significance level, the MacKinnon critical value was -2.861. Thus, the value of τ being less than critical value, the
null hypothesis was rejected. Therefore, the time series from 1979-2032 for the Jakhau station, is not expected to
be a random walk process; that is, it exhibits stationarity. The combined time series at other two locations was also
found to be stationary. Similarly the ADF test was applied individually to past and future wind data for 27 years
each. In this case τpast = -9.781 and τfuture = -9.929, which clearly states that time series plot for past as well as the
future for Jakhau is anticipated to be stationary. The separate time series at other two locations also exhibited
stationarity.
4.2 PP Test
To validate the outcome of the ADF test , the PP test was applied to assess he stationarity characteristics.. In case
of combined dataset, it was found that the standard error of the coefficient ta was 0.0032, the standard error of the
regression test was 0.983(number of observations being 19710). The Phillip Perron test statistic value (ta) was
evaluated as 47.733.When separate time series for past and future were considered; tpast=-32.797 and tfuture=-28.161.
At a 5% level of significance, the MacKinnon critical region was -2.861. Therefore, the null hypothesis in both
combined and separate data series was rejected and wind speed time series was confirmed to be stationary. Hence
it can be concluded that, in most cases, the PP test provides a conclusion similar to those of the ADF tests. A
summary of unit roots test outcomes is presented in Table 2.
Fig 2. Partial autocorrelation plots for Jakhau station.
Table 2. Summary of unit-root test for each wind stations.
combined past future
Station ADF static PP Static ADF
static PP Static ADF static PP Static
Jakhau -13.874 -47.733 -9.781 -32.797 -9.929 -28.161
Kanyakumari -17.550 -26.444 -12.286 -21.128 -12.564 -19.079
Rameshwaram -19.316 -36.249 -13.722
-22.661 -14.296 -12.862
4.3 Levene’s Test
The test statistic, W, was evaluated at all stations for past and future period using Eq. (7) and this is given in
Table 3.  This Table also presents potential changes in variances for past and future.  The value of W being
significantly large, the null hypothesis H0 was rejected, implying that the variance was significantly different across
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the stations. This result indicated that there exist some differences in persistence between stations. But these inter-
station differences are expected to reduce in future as the test static value is observed to decrease. Also it is
noteworthy that as the wind speed at Jakhau has the smallest variance around the mean in the past as compared to
other stations, the speed is most persistent at this station. But this variance is expected to escalate in future for
Jakhau station and might remain relatively constant for other two locations.
Table 3. Variance and Levene’s test static in past and future at all stations
Past Variance Future Variance
Jakhau 4.312 5.045
Kanyakumari 5.796 5.707
Rameshwaram 6.354 6.219
W static 306.236 102.392
4.4 Autocorrelation function approach
The lag-1 autocorrelation coefficient (r1) was calculated for past and future wind data using Eq. (6). A typical
autocorrelation function plot is shown in Fig 3.The green dotted area denotes the wind persistence. The bar graph
of past and future persistence (Pacfa) values of the stations is given in Fig. 4a. As seen in this figure, the persistence
is comparatively within the same range for all three stations over the past. But in future, persistence is expected to
decrease at Jakhau and Rameshwaram and slightly increase at Kanyakumari. This change may be attributed to the
fact that Kanyakumari is situated in the southern tip of India and the “unobstructed” southwest monsoon winds
which predominantly prevail in this region may enhance the level of persistence.
Fig 3. Autocorrelation function plot for Jakhau
4.5 Wind speed duration curve
The persistence analysis on energy production for each station is determined using the wind speed duration curve.
Fig. 4a and 4b show the persistence values produced by the approaches of (a) Autocorrelation, and (b) WSDC,
while the speed duration curves for past and future at all stations can be seen in Fig. 5. The truncation level
represented by the red dashed horizontal line (Fig. 5) starts from the wind speed of 4 m/s. Fig. 4b illustrates the
Pwsdc values for past and future. The value of Pwsdc for the Jakhau station is the highest at 85% for past but in future
this value comes down to 77%. Similar trend is observed at Rameshwaram (drop of 3%), but a slight increase of
around 3% is expected at Kanyakumari. The future persistence percentages at all three stations are sizable. Thus it
may be inferred that the persistence level of future wind speed is significant enough to ensure a sustainable energy
supply. It can be observed that barring the numerical values on y axis, Fig 4a and Fig 4b give similar graphical
appearance and hence the explanations for the persistence properties of the stations given in section 4.4 are also
valid for this approach.
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.
(a) (b)
Fig 4. The persistence values produced by given approaches: (a) Autocorrelation, (b) WSDC.
Fig 5. Wind speed duration curves for past and future at all stations
5. Conclusions
The application of four state of the art methods to assess persistence of wind under the climate change perspective
indicated that wind at the location: Jakhau was more persistent than the one at Rameshwaram and Kanyakumari.
However the persistence of wind at Jakhau and Rameshwaram might reduce by 3% and 8%, respectively, in future,
affecting the power production to some extent there. All the four selected methods produced consistent results; but
the WSDC technique can be prescribed for further use in such applications since it evaluated relative persistence
across the three stations and also facilitated physical interpretation of the results. The analysis of persistence based
on the wind speed duration curve showed that apart from relative magnitudes the persistence level of future wind
speed at the three offshore sites is in general significant enough to ensure a sustainable energy supply.
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